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Acceleration measurements in gusty air have "been accumulated 
over a period of years in order to determine the loads to which 
airplanes may he subjected. Most of these data have been obtained 
with the V«G recorders that have been installed in Army. Navy, 
and commercial airplanes. Theoretical studies of the load varia- 
tion while flying through various types of gusts have indicated 
that the "effective" gust velocities, as obtained from the V-G 
records, must be supplemented- by data on the gust gradients. 
Consequently, some tests have been made on two airplanes, the 
Martin XBM— 1 and. the Aeronca C— 2N, in misty air to gain some 
information of the gradients to be expected. Although the number 
of flying hours in these tests is small as compared with the 
V-G total, they were sufficient to indicate that the critical 
gust gradient depended upon airplane size, a factor which had 
been given no particular consideration at that time. 

Theoretical studies had also indicated that an additional 
factor called "dynamic overstress" might be of importance in the 
design of large projected airplanes. For these airplanes it 
appeared that the relationship between wing period, lag in lift, 
and gust gradient might be such that the wings in gusts would 
deflect considerably more than for the case of a static load of 
the same magnitude. The higher deflections would naturally be 
accompanied by higher stresses in some of the members of the 
structure . 

It thus appeared desirable to conduct experiments on larger 
airplanes both for the purpose of determining gust gradient dis- 
tances and for determining the existence of the dynamic over- 
stress which the theory indicates. The Array Air Corps agreed 
to cooperate in this project by allowing suitable equipment to 
be installed in their large XB-15 bomber. 
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This report presents the results of these tests which 
cover a total of about 70 flying hours on this airplane. These 
measurements were made under authority granted by the Air Corps 
in October I93S. 

Acknowledgements are due to members of the Air Corps who 
made these tests possible and in particular to Major C. V. Haynes 
and 3gt« A. Cattarius for their cooperation. 



AIRPLANE AMD INSTRT1MEMTS 



Airplane .- The XB— 15 bomber (fig. l) is metal-covered except 
for the fabric-covered portion of the wing aft of the rear soar.. 
The wing is of two-spar construction, the rear spar being straight 
and the front spar swept back. All gas. and oil is carried within 
the wings j the gas tanks being located as shown in figure 2. 
Figure 2 also shows the estimated dead-weight distribution (tanks 
full) including both the distributed as well as the concentrated- 
weight items. The wing structural dead-weight distribution has 
been adjusted 30 that the total integrated weight is equal to 
8,000 pounds. Other pertinent dimensions of the airplane are 
listed in table I . 

Drum instruments.- The following standard N. A. C. A. 
photographically recording instruments were used in these tests: 

(1) Air-speed recorder located in the nose of the 
airplane and connected to a swiveling pi tot 
head 12 foet forward of the nose. (See fig. 1.) 

(?) Accelerometer mounted on the catwalk in the 
bomb bay near the center of gravity. 

(3) Accelerometer mounted in the wing 29 feet 1 inch 
out from the airplane center line. 

(k) Control position recorders on the aileron and 

elevator. These instruments wore used mainly 
to guard against confusion of gust accelerations 
and accelerations that might be due to control 
manipulation. 

In addition to the above, a D« V. L. optograph mounted rigidly in 
the top gun turret was used. This instrument was equipped with 
two telephoto lenses which recorded photographically the deflection 
of three 50-c audi e power lights mounted along the rear spar. The 
installation is shown diagransnatically in figure 3. 



Strain gage a .- Four N. A. C. A. and four D. V. L. scratch 
recording strain gages were used. The N. A. C. A. gages were 
of the intermittent drive type and had a gage length of 10 cm. 
while the D. V. L. gages had a continuous drive and a gage 
length of 20 cm. The N. A. C. A. gages were located on the top 
chord member of the front spar at stations 5 feet U inches and 
39 feet 9 inches out from the center line of the airplane. These 
stations were approximately at the wing root and at the end of 
the outer gas tank. The D. V. L. gages were located on the 
diagonal members below the N. A. C. A. gages and all gages were 
positioned so as to ho in the middle of their respective bays. 
The gages were mounted in pairs at each station and all of 
the gages, with the exception of the two on the root chord 
member, were mounted on duralumin. The strain— gage locations 
are shown in figures 3 and- 

All instruments were synchronized by a timer connected into 
the circuit. The timing interval was 2.28 seconds for all the 
instruments except the N. A. C. A* gages which were operated 
onco every 6.8*1- seconds. 



FLIGHTS 



The following flights were made with N. A. C. A. equipment 
on hoard. 

No . Da,te Destination Flyin g Instrument 

time , tlTtp, rr\\n. 
hrs. 
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8-29-381 
&-31-38J 


Langley, Self ridge, Mitchell, 
Langley 


8-1/2 


28 


2 




Langley, Boiling, Chanute, 
Wright 


10-1/!+ 


22 


3 


12-6-38 


Langley, Maxwell, Langley 


7 


0 


k 


12-12-38 


Langley, Kittyhawk, Langley 


2 


0 


5 


12-15-38 


Langley, Amarillo, Tex. 


10-3 A 


0 


6 


12-16-38 


Amarillo, March Field, Cal. 


7-lA 


2k 


7 


12-21-38 


March, Hamilton 


3-1A 


0 



*So strain gages installed on this flight. 



No. Date Deetination 



8 12-22-38 Hamilton, Mt. Shasta, March 



9 March, Okla. City, Langloy 



Flying 


Instrument 


tilUB , 


T/imt) , mm • 


Era". 




5-1/2 


.26 


13-1/h 


22 


67-3/h 


116 



Although the total number of flying hours -is small compared to 
the total flown, it Includes a stretch of the roughest flying 
that this particular airplane had encountered to date. This 
stretch of rough air occurred during flight No. 8 while proceeding 
in a southerly direction at about 8,500 foot between Pasadena 
and. Mb* Wilson, Cal. The mistiness was apparently due to 
mechanical atmospheric turbulence caused by winds blowing across 
the mountain tops. An examination of the flight notes for all 
the flights mads (except for some of the accelerations measured 
in flight 1 where the airplane was flown through the edge of a 
number of cumulus clouds) reveals that the recorded accelerations 
were due to mechanical turbulence encountered while flying through 
passes in the Bocky Mountains or while flying over mountainous 
country. 

If during a particular flight It appeared likely that 
acceleration increments of over iX/hg would be encountered, the 
instruments wore turned on until the roughness died down. Thus, 
during any one flight a number of runs, at different airplane 
weights and altitudes were obtained some of which did not yield 
particularly large accelerations. These runs were nevertheless 
evaluated; however, for this memorandum it is only necessary to 
refer particularly to the results obtained in the flights given 
in the table below. The others are omitted mainly because the 
combination of airplane weight and the smrJ.1 accelerations 
encountered were amply covered by those that were included. 
Their omission changes none of the c one lue ions and their 
inclusion would only rosult in a mass of undietinguishable 
points clustered around the origin. 

Fli ght No. Run No. Es tima ted Bernards 

airplane 

weight • • ■ ' ' ' 

2 6 50,000 Fairly severe accelerations 

6 1 60,000 

8 h 55,000 Most severe accelerations 
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1 



65,000 



Greatest weight 
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Although the accelerations encountered in flights 6 and 9 are 
moderate with respect to 2 and 8, they are included mainly 
"because the weights at the time of the run were considerably 
different from the usual 50,000 to 55,000 pounds* In the 
Q only flight (No. 5) in which the full gross weight of over 

upj 69,000 pounds was equaled, the air was perfectly smooth and 

^ no records were taken. 



METHOD AND RESULTS 



In evaluating the records to obtain gust velocities and 
gust gradients, the following method was used: For each 
center-of -gravity accelerometer record (roughly 20 feet of 
film) all peaks, indicating accelerations of approximately 
0.2g or over, were read. These values of acceleration were 
then converted to offective gust velocoties, U e , from the 
equation 

pmV 

where An is acceleration increment from 1 g. 

W, estimated weight at time of run. 

S, wing area, square feet. 

p, mass density of air at altitude. 

m, slope of lift curve, taken as U.76. 

V, true air speed, feet per second. 

The ovaluatlon of the records in this manner yielded 560 
effective gust velocities ranging from 1.7 to 17.5 feet per 
second. TLeae gusts and the number ixi the various ranges 
are sisraari&^d in table II. 

Of the above gusts, only 111, hovever, were usable for 
determining che gust gradient distance and the true gust 
velocities, The criterion used in electing the grists to 
be evaluated for gradient distance waa (l) that the 
acceleration be 0.15g or over and (2) tha-o the acceleration 
peak be immediately preceded by a reasonably steady flight 
portion (i. e., 1 g reading) of at least 2 seconds duration 
which, at the speeds that the XB-15 usually flies, corresponds 
to 25-30 chord lengths. Some such procedure is required 
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since it is necessary to eliminate the effects of any previous 
gusts and motions of the aii-pl&ne on the acceleration measure- 
ment. Thus,, many of the larger peaks encountered during 
flight 8 could not be used because the above criterion was not 
met with, 

Th3 gradient distance H in which the gust reaches a 
maximum value was determined by multiplying the time 
elapsing from the start to the peak of the acceleration by 
the true air speed as obtained from the air-speed record. 
Theoretical studies (references 1 and 2) indicate that such 
a procedure is Justified since for the gusts encountered in 
the atmosphere the gradients are apparently such that there 
is littlo if any lag between the point of maximum acceler- 
ation and that of maximum gust velocity. 

The true gust velocities that are associated with these 
accelerations were obtained by dividing the effective gust 
velocities of equation 1 by the "alleviating" factor 

U s f whose value is given by 



u s « (a - 3B ) a (2) 



2Wb 1 
where M = —35 + T 

A and 3, theoretical factors given in reference 2. 

s, distance from edge of gust to point at which 
acceleration is computed, chord lengths. 

B, gradient distance s feet. 

b, wing span, feet. 

AOfc, truo acceleration. 

£n Q , the acceleration computed from the usual sharp- 
edge gust assumption for a gu3t velocity equal to 
the maximum of the gust for which An^ is 
determined. 

The factor U Q thus corrects for the proportion of the gust 
velocity that is acquired by the airplane in traversing the 
gradient distance H, The true gust velocities, evaluated 
in this manner, are shown In figure 5 plotted .against the 
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gust gradient distance- H. Table III gives the number of gusts 
occurring within a given gradient distance. 

The peal: values on each of the D. V. L. strain gages and 
on the optograph were, with few exceptions, read only at the 
times which obviously corresponded to similar peais on the 
ceatejvof-gravity accelercmeter record at which effective gust 
velocities were obtained, The variation of the stress and wing- 
deflection measurements with acceleration are shown in figures 6 
to 17. Figure 6 shows the measured deflection of the tip light 
with acceleration at the airplane center for two different air- 
plane weights while f inures 7 and 8 show the same for the middle 
and inner lights. In these figures, as well as in those which 
follow, it is necessary to use 1 g as a datum since it was not 
possible to obtain a true zero stress or zero deflection reading. 
This was due to the fact that the wing must support its own 
weight which, as may be seen from figure 2, is considerably 
different from the air load acting over it. Figures 9 to 11 
show the stress variation as recorded by the D. V. L. gages 
that were mounted on the outer diagonal while figure 12 shows 
the stress variation in the upper chord member. These results 
are all taken from flight 8 run 1*. Figures 13 to 15 show 
similar measurements taken at the outer station for flight 2 
run 6. 

Figures 16 and 17 give the stress variation measured at 
the front and rear of the top chord member near the root on 
these same flights. Ho reliable 3tress measurements were 
obtained on the diagonal member at the root because of a 
complete failure of one of the gages and a partial failure 
of the other on both of the' flights where the most severe 
accelerations were encountered. Thus, it was possible to 
obtain only the stresses at. the absolute maximum and minimum 
accelerations that were encountered. The rate of change of 
stress as determined in this manner was only 850 pounds per 
square inch per load factor. The strain-gage records for 
this station on other flights on which the gage operated 
properly indicated such extremely lew stresses in this 
member that no better value than that given above could be 
obtained because the scattering of points was of the same 
order of magnitude as the measured stresses. This unanti- 
cipated low stress variation may be due either to an oversize 
member at this station or to a failure of all of the expected 
load to pass through the member. Values of E equal to 
10,300,000 and 30,000,000 pounds per square inch Were used 
with duralumin and steel, respectively, in the evaluation 
of the strain-gage records. 
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Several time histories of some of the measured quantities 
are shown in figure 13 for three of the largest "bumps encountered 
on flight 8. These time histories are included mainly to show 
the character of the variations obtained in gusty air. 



PRECISION 



The following are estimates of the accuracy to which the 
various quantities may he relied upon: 



Acceleration (e.g.) l0.05g 

Acceleration (wing) ±0.1g 

Air speed 11 m. p. h. 

Airplane weight . . ±2 percent 

Deflection (outer light) . ±1/2 in. 

Deflection (middle light) tl/k in. 

Defloction (inner light) ±1/8 in. 

Stress (all D. V. L. gages) 1200 lb./sq.in. 



Stress (N.A.C.A. gages on dural) ±U00 lb./aq.in. 

Stress (N.A.C.A. gages on steel) .... 1800 lb./sq.in. 

The above limits for wing deflection and stresses apply when all 
records are read at peak values or at the synchronization marks 
where the correspondence among the various records is obvious. 
It may be seen from figure 18, however, that the synchronization 
between timer marks (every 2.28 seconds) for the D. V. L. gages 
and for the optbgraph records may bo off as much as ±0,15' second 
indicating that larger errors than those listed above would 
exist in the time histories. In the case of the D. V. L. strain 
gages, the poor synchronization was due principally to the 
uneven running of the motors which drove the targets through 
extension shafts and universal joints. For the optograph the 
slight fore and aft motion of the wing with changes in the 
chordwise forces was known to cause a lack of synchronization 
in the records.. However, since most of the results given in 
this report are obtained by reading the various quantities at 
peaks which obviously correspond, the lack of synchronization 
between timer marks is of small importance. 
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DISCUSSION 



Although those tests included a stretch of the roughest 
i air that the XB-15 had encountered, the maximum effective gust 

S velocity measured was only 17.5 feet per second. This value is 

1 only one-half of that which has "been measured on overland trans- 

ports and about two-thirds of that measured on the Clipper ships. 
(See reference 1.) It is necessary , however, to point out that 
the values given in reference 1 have in all cases "been conserva- 
tively computed using the gross weight of the airplane. Such a 
procedure in the present case would give a maximum effective 
gust velocity nearly equal to the maximum measured on the Clipper 
ships. An interesting observation in connection with the 
maximum measured gust velocities obtained to date is that they 
appear to decrease with an increase in airplane span. This 
variation may he a true trend or it may he due to the fact that 
the number of flying hours for which records are available varies 
inversely with airplane size. 

Figure 5 in conjunction with table IH indicates that the 
largest number of gusts evaluated for gradient distance as well 
as the maximum true gust velocity occur within a distance of 
150 to 500 feet, a distance slightly more than the wing span. 
Previous tests on the XBM-l and the Aeronca C-3N airplanes 
appear to indicate that the maximum true gust velocities are 
associated with gradient distances slightly larger than the 
respective wing spans. Such a result is partly in keeping with 
the hypothesis advanced in reference 1 which gives the result 
that the maximum gust velocity varies as the cube root of the 
gradient distance, the lateral extent being approximately the 
same as the gradient distance, H. In order to produce a fairly 
large normal, acceleration, the gust should at least envelop the 
whole wing which would call for a gradient distance equal to 
or greater than the wing span. 

An envelope of the points of figure 5 would give approxi- 
mately the variation predicted in reference 1 up to a gradient 
distance slightly greater than the wing span, but beyond that 
point the true velocities appear to decrease. This variation 
may be due to the fact that fewer gusts were available for 
evaluation with large gradient distances, but it is felt that 
the neglected pitching motion of the airplane is mainly 
responsible. It is apparent that if an airplane is at all 
stable it will tend to pitch into the gust and relieve its 
effect, the amount of pitch, of course, depending both upon 
the gradient distance and the amount of stability. 
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Wing deflection.- Median lines through the points of 
figures o "to 8 indicate that IntWi-angp of accelerations 
covered the wing deflection at each of the measured points 
is proportional to the acceleration at the airplane center. 
Singe there is no guaranty that the angle-of --attack change 
across the span stays the same fot a given acceleration, 
tho scattering of points is greater than that indicated in 
the discussion of 'Precision. The itiesn line, however,, 
should , according to probability, re prevent the case for 
Bymetrical loading. 

Frost these figures tho rates of change of wing deflection 
with load factor, i. e. £S/cn, are as follows: 

Weight 52,000 65,000 

Tip light 8.5 In. 8.0 

• - ■ • * 

Middle liffct 3.0 in. : 2.5 

Inner light 1.0 in. 1.0 

The vnlueo for weight 5?, 000 are the more reliable becatise . 
of 'the greater range of load factors that was covered. , 
Apparently for the weight conditions of the flights, large . 
changes in weight have snail effect on the wing deflection. 
Since it was customary to empty the inner fuel tanks first . 
and then to switch to tho outer tanks, the difference 
between 65,000 and 52,000 poundB would be represented 
approximately by both the inner and outer tanke being full 
in tho one case- and only the outer tanks being full in the 
other. Wo bombs were carried on any of the flights so that 
any weight variation may be attributed to differences in the 
amount of fuel carried. 

Static te3ts made by Boeing of the outer wing panel and 
of the center section in which rear spar deflection was 
measured were pieced together and the following values of 
S5/cn were obtained. 

Tip light 13.6 in. 

Middle light In. 

Inner light 1.5 in. 

These apply for a weight of approximately 67,000 pounds but 
the dead-weight load distribution condition is not , known. 
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The above deflections per load factor are considerably more than 
those obtained in flight and would certainly indicate that no 
dynamic overstress was obtained in the flight tests. Assuming 
that the static-test results applied to the case with all the 
2. useful load housed in the fuselage (i. e., no gas or oil) so 

ft that there would be some Justification for reducing the above 

\ values of hb/hn in the ratio 52,000/67,000, the reduced values 

would still remain above the listed flight values. It is 
admitted that the piecing together of the static deflection 
curves is liable to error; however , in the present case, two 
persons using different methods arrived at very nearly the same 
values of 3&/dn at each of the lights. After considering 
the above possibilities, it can be said that the wing deflection 
in flight is no more than and is probably less than the deflec- 
tion for a static load of the same magnitude. Thus, the indi- 
cation is that there is no dynamic overstress on the XB- 15 • 

Stress measurements .- Median lines through the stress 
curves of figures 9 to 11 for the outer diagonal member 
indicate a direct proportionality (as measured from 1 g) 
between the stress and the load factor either when the gages 
are considered separately or when their results are averaged. 
Strain gages on this same member during the static tests 
indicated an average rate of change in stress (between -2.5 and 3g) 
of 5,700 pounds per square inch per load factor for the weight 
tested. Correcting this value, as previously, to 52,000 pounds 
gives h,kQ0 as against an average of ^,700 from the flight tests. 

For the chord member at the outer station (fig. 12) the 
average value of 5&/dn is 3,500 pounds per square inch per 
load factor. Thi3 value is to be compared with the corrected 
value of 3,700 as given by the static tests. 

The results from figures 13 to 15 do not show any really 
definite changes from the previous figures, 1. e., 9~12 : even 
though tho weight is slightly different for the two flights. 
In fact, the results of figure 13 for the outer diagonal shear 
member indicate a slightly larger value of cfe/dn with a 
slightly lower airplane weight. This would indicate that the 
method of correction that was applied to the static test 
results was too conservative and that the corrected static 
values should be higher. Thus, the stress measurements at 
the outer station apparently indicate that, as far as the 
XB— 15 is concerned, dynamic overstress is oither not present 
or i3 sufficiently small so that both the instrument accuracy 
and the amount of instrumentation must be increased in order 
to detect it. 
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For the stresses in the steel root chord member (figs. 16 
and 17) the average value of 66/cfci is ll*,800 pounds per square 
inch per load factor. This coinpares with an uncorrected value 
of 21,600 obtained for this same member in the static tests and 
a "corrected" value of 16,700. The corrected value would 
presumably apply in the case where all the useful load was carried 
in the fuselage. 

The time histories of figure 18 call for no particular 
comment other than to point out that the accelerometer records, 
wing deflections, and stresses show quite similar variations 
except that the minor variations appear to be smoothed out in 
the strain-gage results. 

Although it was not intended to measure the wing frequency 
in flight, it could readily be obtained from the wing deflection 
records and was found to be about 3.^ C« p. s. at the tip and 
middle light. This frequency is included principally because 
it is approximately one-half that obtained in the routine 
vibration tests that have been conducted on this airplane. 



CONCLUSIONS 

1. The most critical gradient distance for this airplane 
is between 150 ond 200 feet or of about the same order as the 
wing span. Gust 3 encountered with lower gradient distances 
apparently have insufficient energy to produce large accelera- 
tions while for the stronger gusts of longer gradient distance 
the pitching action of the airplane relieves the load. 

2. The maximum true gust velocities measured wero Just 
over 30 feet per second and the maximum effective sharp-edge 
gust velocity measured was 17*5 feet per second. These values 
were obtained in the roughest air this airplane has encountered 
to date, 

3. Both the wing deflection and strain-gage measurements 
indicate that there was very little , if any, dynamic overstress 
induced in the wings by the type of gusts encountered. - Since 
this is in accordance with flomawhat similar raeasuroments taken 
on the M-130 airplane, it may be said that dynamic overstress 
will probably be negligible on airplanes with spans of less 
than 150 feet flying at speeds less than about 200 miles per 
hour. 

Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Ya., Juno 16, 1939- 
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